Abstract-Motion planning and collision avoidance function-enhancements in VFH+ [7] and VFH* [8]. An 
I. INTRODUCTION [11] . By taking some dynamic constrains into consideration, HE robot motion planning problem has been extensively CVM and DWA are able to reduce the complexity imposed studied in the past decades and a variety of techniques from the need to search a large solution space. Brock and Khatib extended the DWA to Global Dynamic Window Aphave been presented [1] . These methods range from static potentials to algorithms based on robot kinematics and proach (GDWA), which is applicable to both nonholonomic . .
.~~~and holonomic mobile robots and iS suitable for unknown dynamics. Inspired by the action and reaction exerted on particles in a force field, the force field based approaches and changing environment [12] .
results in motion planning and proIn order to tackle obstacle avoidance, the concept of hav shw promsin subgoal is widely used in robot motion planning [13] . In viding mobile robots with obstacle avoidance capabilities. [2] . The basic between subgoals. This method traces back to the global concept of PFM method is to fill a working space with search when the local search fails to find local paths [15] . In an artificial potential field in which the robot is attracted [16] give a review of the F2 method. Section III describes the B. Repulsive Force proposed Subgoal-Guided F2 method. The feasibility of this A repulsive force is derived from a virtual force field approach is supported by simulations described in Section attached to a robot. The magnitude and orientation of a force IV. A conclusion is drawn in Section V.
field are determined by and vary with the robot's status such as its speed, size and task priority. This repulsive force, when II. FORCE FIELD METHOD interacting with obstacles or other robots, will safeguard the In the Force Field method, a robot is assumed to travel robot from collisions by repulsing the robot away from these in a 2-dimensional environment and its location can be objects. precisely known. Each robot is able to sense the locations A reference frame xr = (x,, yr) is defined whose origin of obstacles and aware of all other robots; such as their is at the centre of the robot, see Fig. 1 . The robot moves locations, speeds, etc., see [18] [19] . By combining goal with a translational speed v, and an angle Or to the worldattractive force, reactive forces from obstacles and other coordinate's x-axis. robots, the resultant steering force is generated to drive the robot to 
The robot is assigned a task such that it has to travel from its current or start location to a goal location at xg = (xg, yg). Assume that the repulsive force is oriented from the centre describes the robot motion from time index k to k + 1 can of the robot and points towards some location x = (x, y) be expressed as a function of the current location, orientation with an angle of Oo sustained from the x-axis. We define the and control. Yi,k±1 = Yi,k + Vi,k sill(Oi,k>t1|
0i,k±1 The control components, vi k and t7i,k will be determined C > 1 is a scale factor giving 0 < Er < 1, Rr is the major such that during the travel to the goal location, the robot is radius of the robot.
free of collisions onto obstacles or other robots. To this end, the force field method will be adopted to generated drive 0 00Oo-°r Here, 0 < p < 1 critically influences how close the robot could safely navigate in the vicinity of obstacles. The orientation of the obstacle repulsion is set perpendicThe magnitude of the repulsive force covering the robot ular to the obstacle boundary°bs as shown in Fig. 2 
|Frp| =1, PDm -DD Dmax K D K Dmin ,
2) Interaction between Robots: The possibility of colt Fmx DKDmr lision, in addition to that caused by obstacles, also arises (11) from other robots navigating in the same workspace. When where D is the shortest distance from a point (x, y) to a robot, say robot 1in Fig. 3 , encounters another robot (robot the perimeter of the robot. P is a positive constant which 2), their repulsive forces interact with each other. determines the magnitude of the repulsive force. When D changes from Dmin to Dmax, the magnitude of the repulsive ; force changes from P to 0 gradually. Furthermore, Fmax is ; K >+< z >^q¢^ibwY>i 9 the maximum repulsive force which will cause the maximum (16) where p = D/Dmax in which D is the distance to the obstacle where the force contour intersects. When p changes C Attractilve Force from P0 to 1, the magnitude of the repulsive force changes When a robot is allocated a particular task, for example, from P to 0.
travelling from start point (xS, Ys) to goal point (xg, Yg), a After the point of contact is determined, the magnitude virtual attractive force which attracts the robot from the start of the obstacle oriented repulsive force is set equal to the point to the goal point is generated, its magnitude is given robot's repulsive force at this point, by Fatt g l=Q,
Frepo| =IFrep-r |D=d, (18) by repulsive forces from obstacles or other robots. Since a \9 -= obstacle is on the way of this robot, the robot goes towards the obstacle and will be repelled away when the repulsive D. Variable Speed Force Field Method force is large enough (location A). Because of the attractive A further development of the F2 method is considered force, the robot turns back to its previous (location B) and here [17] . In particular, the robot dynamics including its will be repulsed away by the obstacle again (location C). mass and inertia are incorporated in deriving the force fields. This "go towards obstacles" behavior causes the zigzag like The net result is that a complete representation of the robot movements and oscillations of speed and heading of the motion can be realized.
robot.
Let the mass of the robot be m and its inertia given by j.
The F2 method may also suffer from a local minimum The equations governing the evolution of the motion are (where the robot is trapped without further movements), see When the constraints of the dynamics, in (19) and (20) midpoints are denoted by P1 and P2. These midpoints are selected as subgoal candidates. From Fig. 6(a) , it seems that the robot will collide with obstacle edges if it goes directly to subgoals. But this will not really occur since the robot is Goa l protected by its repulsive force field while moving.
S2
The cost function g applied by the robot to evaluate sub-4< I P_ goals is defined as a sum of two elements: the distance from P the robot to a subgoal candidate, which can be estimated from the sensor reading (denoted by SI), and the distance Stit _ from a subgoal candidate to the global goal (denoted by S2) which can be estimated based on the knowledge of the global --X -goal position. That is (a) g= kSj + k2S2.
(21) Goal
The subgoal candidate with lowest cost g will be selected .
as the current subgoal. By tuning weighing factors k1 and 0.5\ k2, different subgoals may be selected. For example, a robot may choose to go to an opening which is close to its final -, destination (with small S2) or tend to go to an opening which is close to its current location (with small S1).~'Start When a subgoal is determined and the final destination 31t; 2 -0 1 2 is not in the sensor's range, an attractive force is generated (b) from this subgoal, instead of from the final destination, which will attractive this robot to the subgoal. Please note that the subgoal iS continuously changed and updated based on sensor data when a robot is moving. When the final destination is found within the sensor's range, the robot will go to it B. Case 2 directly.
The map used in this simulation is shown in Fig. 7(a) . A
IV. SIMULATION STUDIES
robot is supposed to travel from the start point at (-3, -2) to the destination at (1, 1.5). Figure 7 (a) also gives a snapshot Simulations are carried out using the Player/Stage platform when the robot is about to move. Six subgoal candidates [20] mimicking the robot travel from a start location to its are found (denoted by F1, F2, F3, F4, F5, F6) here. Note that goal in an indoor environment. The workspace dimension due to the presence of the obstacles, the number of feasible measures ±4m-by-±3m. Obstacles are denoted by solid movements increases. To this end, the subgoal method is rectangles as shown in Fig. 5(b) . The robot is equipped with capable of choosing the feasible path for the robot to go to a laser sensor and an Adaptive Monte-Carlo Localization its goal location without trapped between the obstacles. The driver (amcl) is utilized to determine its location. Robot resultant path is shown in Fig. 7(b) . parameters are selected based on a pioneer robot [211. In all simulations the parameters k1 and k2, for the subgoal-C. Case 3 guided F2 method, are set to 1. Test results from three cases This case considers the case where the environment is of increasing navigation complexity and degree of difficulties changed, for example, the lower corridor is blocked as shown on obstacle avoidance are presented below, in Fig. 8(a) , the subgoal candidates found are depicted as P1
to P4. In this case, P2 is selected as current subgoal. The A. Case 1 resultant path is shown in Fig. 8(b) . Results have shown that In this simulation, we consider the local minimum case the subgoal still enables the robot to reach its goal location shown in Fig. 6(a) . A robot is supposed to travel from despite the change of the environment to a more difficult (-0.5, -1) to (-0.5, 1.5). An obstacle is located between scenario for navigation. the robot and its destination. Two subgoal candidates identified here are P1 and P2. P2 is selected as current subgoal V. CONCLUSIONS according to Equation (21). The resultant path is shown in
In this paper, we have presented a Subgoal-Guided Force Fig. 6(b) . As indicated by the robot's path, the subgoal-Field method, which considerably improves the performance guided method is able to steer the robot to its goal location of the canonical force filed method. The feasibility of the prowithout being trapped in local minimums by directing the posed approach is demonstrated by simulations carried out in robot to the adaptively derived subgoals incrementally. The the Player/Stage platform. The subgoals are selected based resultant path also shows a smooth motion as a result of the on sensor data and used as intermediate way-point when the incorporation of dynamic constraints in the variable speed global goal is not currently in view. Simulation results have force field method.
shown the effectiveness of the proposed technique. 
